Progression of human neuroblastoma tumours from the initial stage of transformation of an embryonic precursor cell in the neural crest to advanced stages of metastasis in the nervous system, the adrenal gland and bone marrow has not been well studied in many regards (Brodeur et al., 1988; Gilbert et al., 1988; Brodeur & Moley, 1991; Moss et al., 1991; Thiele, 1991) . Little is known about clonal selections that occur at various stages of tumour progression, the routes of tumour cell spread during metastasis, critical genes required for progression, extracellular matrix mechanisms important in these 'events and host cell populations that promote or inhibit these processes. Analyses of extracellular matrix adhesion of neuroblastoma cells in culture revealed mechanisms distinct from those seen in many other cell types. Neuroblastoma cells recognise sequences on fibronectin different from most untransformed cells that have conventional integrin and heparan sulphate proteoglycan receptors (Mugnai et al., 1988; Culp & Barletta, 1990; Culp et al., 1991) . These tumour cells can be missing many of the common integrin subunits (Favrot et al., 1991; Yoshihara et al., 1991 Yoshihara et al., , 1992 and in other cases have a unique form of the PI subunit (Dedhar & Gray, 1990) . Some neuroblastoma cells express the integrin M4Al (Haugen et al., 1990; Bednarczyk & McIntyre, 1992) , used by some lymphoid cell classes for cell recognition functions but not by most adherent cells in the body; this integrin appears in an altered form in some cases (Bednarczyk & McIntyre, 1992) . Some adhesion properties in culture correlate with metastatic spread in situ (Hutchinson et al., 1989) .
To relate the significance of findings in culture model systems to actual tumour progression and metastasis processes in situ, human neuroblastoma cells must be identifiable in host organs in a nude mouse experimental system. To facilitate detection of tumour cells at the single-cell level, our laboratory developed use of the bacterial lacZ gene, transfected into ras-transformed fibroblasts, as a genetic and histochemical marker to track fibrosarcoma cells staining intensively blue upon X-gal treatment (Lin et al., 1990a, b) . Alternative histochemical marker genes -Drosophila alcohol dehydrogenase or human placental alkaline phosphatasewere also developed to genetically tag two or more tumour cell classes to evaluate metastatic co-routing in virtually any host tissue . Co-injection of ras-or sistransformed fibroblasts, tagged with different histochemical marker genes, demonstrated intercellular cooperation during the earliest events in experimental metastasis by two closely related tumour cell derivatives (Lin et al., 1992 (Lin et al., , 1993 , as well as insight into some aspects of tumour cell clearance in target organs (Lin et al., 1990b; Lin & Culp, 1992a) . The lacZ marker gene has now been used to tag breast carcinoma cells (Brunner et al., 1992) , melanoma cells (Dooley et al., 1993) and glioblastoma cells (Lampson et al., 1993) , as well as to track therapeutic 'targeting' genes to tumour cell populations in situ (Vile & Hart, 1993) .
In these studies, we analyse the earliest fates of human neuroblastoma cells injected into athymic nude mice at two different ectopic sites using the bacterial lacZ marker gene transfected into cells. Three stably expressing clones with morphologies characteristic of N-type, S-type and I-type neuroblastoma cells were studied (Rettig et al., 1987; Ciccarone et al., 1989 ). These analyses demonstrate several important findings with regard to the fates of injected cells and expansion of tumour cell populations with time at ectopic sites, including different matrix recognition in situ from those in culture and utility of the lacZ marker gene to evalute genetic instability in tumour cell populations during their expansion.
Materials and methods
Generation of LZPt cell lines Cells, free of Mycoplasma, were grown in Dulbecco's modified Eagle medium supplemented with antibiotics and 10% neonatal calf serum. Human Platt neuroblastoma cel1s (Kemshead et al., 1980) were transfected with the pRSV/lacZ plasmid, which also codes for the neoR gene using the calcium phosphate protocol under conditions which maximise expression of the bacterial marker gene (Lin et al., 1990a,b) . Stably transfected/expressing cells were selected with G418 in the medium and G418-resistant colonies tested for lacZ expression, i.e. staining intensively blue with X-gal treatment. High-expressing colonies were cloned twice sequentially to generate three cloned populations (abbreviated to LZPt-1, -2, and -3 and selected for morphological criteria and for their uniform lacZ expression, as determined both by blue staining with X-gal substrate and by FACS using fluorescein digalactoside substrate uptake and conversion in living cells; Lin & Culp, 1992b Preparation of tissues for staining After fixation, skin samples and internal organs were stained for lacZ activity immediately (Lin et al., 1990a, b) . Skin sites with adherent body wall tissue were divided along the ventral midline prior to staining. One-half of each tissue, containing one injection site for each clone, was split along the subcutaneous fascial plane separating the skin from the underlying body wall. The opposite half containing a second set of injection sites was cut, using the India ink spots as a guide, into approximately 1-cm-diameter pieces, each of which included an injection site, associated skin, subcutaneous space and adjacent body wall tissue. For transverse sections, each of these pieces was also cut with a scalpel blade at the midpoint between India ink tattoos to traverse the site of injection.
Histochemical staining of tissues All cultured cells and tissues were histochemically stained for bacterial P-galactosidase activity after glutaraldehyde/ formaldehyde fixation as previously described (Lin et al., 1990a (Lin et al., , 1992 (Lin & Culp, 1992b) . LZPt-I cells display an astrocytic morphology (Sugimoto et al., 1988) with many short extending processes, resembling S-type neuroblastoma cells (Rettig et al., 1987; Ciccarone et al., 1989) ; LZPt-2 were highly biopolar and neuritogenic, resembling N-type cells; and LZPt-3 cells were heterogeneous in their morphology, containing a sizeable fraction of neuritogenic cells but also well-spread and astrocytic cells and can be classed as I-type cells (Rettig et al., 1987; Ciccarone et al., 1989 Figure  Ic) . Therefore, there are marked differences in stability of lacZ expression and/or clonal selectivity during primary tumour formation when comparing clone 1 with clone 2 or 3 cells (see below). The same characteristics of primary tumour development were observed when these clones were injected intradermally.
Earliest stages ofprimary tumour development at two ectopic sites Expression of lacZ permits detection of single tumour cells at virtually any organ site (Lin & Culp, 1992b) . We take advantage of this sensitivity for tracking the development of primary tumours at the subcutaneous and intradermal sites for all three clones to determine the nature and extent of cell population expansions that occur at these earliest times. It should also provide indication as to how LZPt-1 primary tumours become enriched with lacZ non-expressing cells. Figure 2 illustrates the distribution of LZPt-3 tumour cells at these two injection sites with time. As early as 1 h post injection, tumour cells are concentrated into a large mass of cells with some projections of cells, referred to as 'crinkly hair' distributions, that extend into host tissue sites along pathways of least resistance (Figure 2al and a2) . By 48 h (Figure 2bl and b2) , these 'crinkly-hair' patterns are disappearing as a result of either clearance of tumour cells from host tissues or tumour cell migration back toward the central tumour mass. The former possibility is indicated by two pieces of evidence -lysis of these peripheral cells is evident with release of blue product into intercellular spaces and the absence of any polarity of cell movement (see below on this point). At intradermal sites, the topographical relationships between tumour cell populations and endogenous blood vessels is also apparent at these very early time points (Figure  2a2 and b2) .
By 1 week, 'crinkly-hair' projections were completely absent (Figure 2cl and c2) Figure 2d2 ), a situation not noted for this clone at the subcutaneous site.
Tumours at intradermal sites were consistently associated with the dermis and did not spread across the subcutaneous space. In contrast, s.c. injections led to cell association ('footprints') with the dermal side of this space (e.g. Figure Id) , and Cl Figure 2 Time course of early primary tumour formation at two sites. LZPt-3 cells (10) were injected either into subcutaneous sites identified by two intradermal spots of India ink particles for ease of identification (series I micrographs) or intradermally between the India ink spots (series 2 micrographs). Mice were then sacrificed at the indicated time points and skin/subcutaneous samples harvested as described in Materials and methods. a,, One hour post subcutaneous injection, dermis and associated subcutis (magnification 32 x). a2, One hour post intradermal injection, dermis and associated subcutis (magnification 32 x). b,, Forty-eight hours post subcutaneous injection, dermis and associated subcutis (magnification 32 x). b2, Forty-eight hours post intradermal injection, dermis and associated subcutis (magnification 32 x). cl, One week post subcutaneous injection, external abdominal oblique muscle, fascia and associated subcutis (magnification 43 x). c2, One week post intradermal injection, dermis and associated subcutis (magnification 43 x) dl, Three weeks post subcutaneous injection, external abdominal oblique muscle and parietal peritoneum (magnification 43 x). d2, Three weeks post intradermal injection, dermis and associated subcutis (magnification 43 x). Small arrowheads in photomicrographs a,, a2, b, and b2 indicate 'crinkly-hair' patterns of multiple projections of tumour cell populations evident during the first 48 h of residence in these tissue sites. Small solid arrows in a2, b2 and c2 indicate small dermal blood vessels. Large solid arrows in b2, c2 and d2 indicate larger dermal blood vessels. Open arrows in a, and a2 identify intradermal India ink spots. Large arrowhead in d2 labels area of a 3 week intradermal tumour with decreased lacZ expresion, a phenomenon that is rare in large subcutaneous tumours using LZPt-3 cells.
by 1 week tumour expansion was associated with the fascia of the abdominal wall musculature. At intradermal injection sites, it was also common to observe tumour cells collected around blood vessels (e.g. Figure 2b2 ). These same early events were observed for LZPt-2 cells at both s.c. and intradermal sites (not shown).
Another perspective on early events was provided by transverse sectioning of the skin at the midline between the India ink tattoos, as shown in Figure 3 for Figure 3 ) or intradermal site (series 2). Because of the sensitivity of lacZ stainability, this approach provides appreciation for progression of primary tumours from early stages with 'crinkly hair' distributions (e.g. Figure 3al and a2), through the stage of consolidation and elimination of peripheral cells by 1 week (Figure 3bl and  b2) , to the generation of a single spheroid tumour mass by 3 weeks (Figure 3cl and c2) . It also confirms that many tumour cells are dividing to give rise to the central tumour mass. It is also evident that tumour cells injected at the s.c. site do not invade the dermis at early time points; also, these cells injected intradermally do not traverse the subcutaneous space.
LZPt-I cells are unique in that they generate large tumours consisting almost entirely of lacZ non-expressing cells ( Figure  ic) . The basis for this was investigated by tracking the distribution of expressing and non-expressing cells (Figure 4) . In Figure 4a , b, e and f, LZPt-1 cells at intradermal sites are stainable with X-gal for periods greater than 48 h and display the 'crinkly-hair' distributions observed for the other two clones. However, by 1 week post injection (Figure 4c ), the pattern of staining has changed dramatically under conditions in which the cell population has expanded only to a limited extent. X-gal staining is very weak in most tumour cells, with a diffuse blue pattern in the tissue as if lacZ expression is being turned off synchronously in most of the population (large arrowheads in Figure 4c) . Only a few well-staining LZPt-l tumour cells are observed at this site at 1 week even though the site is composed of many thousands of cells (small arrowhead in Figure 4c ). These results indicate that the expression of this marker gene in this particular clone is turned off by day 7 in most, but not all, tumour cells. By 3 weeks (Figure 4d and h Figure 4g , in which the 1-week-old tumour retains some stainability.
During these analyses, earliest evidence for tumourinduced angiogenesis occurred at the 48 h time point, particularly at well-vascularised intradermal sites. In Figure 5a where tumour cells are not resident, suggestive of tumour cell induction of these smallest vessels. Alternatively, these vessels may exist at all sites but cannot be readily observed by these microscopic procedures unless they expand into larger vessels in proximity to tumour cells. At 2 weeks post-injection, larger vessels appear to be feeding the LZPt-3 tumour and to penetrate the tumour mass ( Figure Sb) . By 3 weeks, many blood vessels course over the surface of a LZPt-l tumour as well ( Figure Sc) . Again, this 3-week-old LZPt-l tumour has lost most of its stainability with X-gal, with the exception of a small area labelled by the white open arrow ( Figure Sc) in which lacZ-expressing cells persist. These development pat- Figure 6c ). In contrast, most of the LZPt-3 cells in a 2-week-old tumour persisted in their round morphology (Figure 6d) (Lin et al., 1990a (Lin et al., , 1993 (Hagiwara et al., 1993) . Overall, these studies reveal many similarities and only a few subtle differences in the tumour progression characteristics among N-type, S-type (or Schwannian-type cells; Sugimoto et al., 1988) spreading in situ, compared with their spreading into N-, Sand I-type cells in culture (Rettig et al., 1987; Ciccarone et al., 1989) , provides further evidence for the distinctive tumour cell-matrix adhesion mechanisms operating in host tissues . In a few select cases, neurite extension of a few LZPt-I cells could be observed in large primary tumours. This high-resolution system should permit more effective dissection of expression of specific genes associated with growth regulation of these tumour cells at their in situ locations. Some studies with melanoma cells demonstrate that integrin expression patterns change significantly at various stages of tumour progression (Albelda et al., 1990) .
Finally, the primary tumour cell population expands significantly between 1 week and 3 weeks, when tumours become palpable. This raises the issue of clonal expansion of tumour cells to give rise to overt primary tumours. There was no evidence throughout this phase for only one or a few cells dividing to give rise to a clonally dominant population, as indicated in drug resistance marker selection studies in a few other tumour systems (Kerbel, 1990) . Moreover, studies using gene markers have established in other tumour systems the clonal, phenotypic and genetic complexity of primary tumour populations during progression (Heppner & Miller, 1983; Miller & Heppner, 1990; Matsumura & Tarin, 1992; Moffett et al., 1992) .
Evaluation of LZPt-1 tumour development provided insight into how these tumours become non-stainable by tracking the distribution of lacZ-expressing and nonexpressing cells with time. Expression of the marker gene in this particular clone is lost by day 7 in most, but not all, tumour cells. These results indicate that non-stainability of LZPt-1 primary tumours cannot be explained by one cell losing expression of lacZ and subsequently overgrowing all its stainable neighbours; foci at 7 days are slightly larger than foci at 2 days and there would be insufficient time for one or a few non-staining cells to grow into such a large population. Rather, most cells become non-stainable apparently by some gene down-regulation mechanism that may be indicative of complex environmental control over gene expression in LZPt-1 cells, as suggested in other tumour systems (Kjonniksen et al., 1991; Aslakson & Miller, 1992; Hart & Saini, 1992; Nicolson, 1993) .
Some insight into the earliest stages of tumour-induced angiogenesis were also revealed. Transcardial perfusion of fixation solution at euthanasia provided good resolution of blood vessels with their haemoglobin-containing cells and obviated the need for special endothelial cell staining. Angiogenesis was best visualised with intradermal tumours as the density of blood vessels is far greater in the dermis than in the hypodermis. Two days post injection was the earliest time that angioneogenesis could be observed; multiple small vessels, originating from larger dermal blood vessels in the vicinity of the injection site, were noted branching toward the tumour cell mass. By 1 week post injection, the vessels growing in the direction of the tumour had enlarged, while those growing in the opposite direction had disappeared.
Overall, these analyses illustrate the complexity of neuroblastoma tumour cell survival and population expansion after several different ectopic injections. They also reveal the specificity and distinctiveness of the tumour progression properties of this tumour class when compared with those of other better-studied tumour classes (Nowell, 1986) . Histochemically tagged cells provide the degree of resolution required to evaluate specific cell and molecular mechanisms that are operating for or against tumour cell survival and division in various host tissue environments.
